ABSTRACT Electromagnetic slip coupling (EMSC), like other contactless transmission devices, has lots of advantages over contact transmissions such as clutch function, continuous speed regulation, and no mechanical wear. Nevertheless, the EMSC has inherent slip energy especially under the large-slip condition, which leads to low efficiency. A novel energy-regenerative EMSC was developed including wound-type EMSC and the energy-regenerative apparatus for slip energy recovery. To improve recovery efficiency of the EMSC, the field-oriented control strategy was proposed. In this case, the mathematical model of EMSC under synchronously rotating coordinate system was constructed and verified by experiment. Since direct-axis component and quadrature-axis component of current in three-phase windings of the EMSC are coupled, the feed forward decoupling control approach was employed. Space vector pulse width modulation technique was utilized to eliminate harmonic components of current in three-phase windings. Simulations and experiments were carried out to validate the proposed control strategy. The results showed that the voltage and current in three-phase windings were almost in-phase, the current only contained few of harmonic components, and slip energy of the EMSC decreased by 82.5%. In conclusion, the field-oriented control strategy is conducive to recycle the slip energy of the EMSC efficiently.
I. INTRODUCTION
In modern industries, variable frequency motors have been widely used in drive and transmission applications [1] - [3] . Nevertheless, they are not applied in the area of unavailable electric power, such as automotive transmission, ship propulsion and construction machinery, where mechanical load can be adjusted by the coupling equipped between prime mover and mechanical load. There are generally three types of couplings, respectively, mechanical coupling [4] , [5] , hydraulic coupling [6] , [7] , and magnetic coupling [8] , [9] among which magnetic coupling is more reliable and feasible because of no mechanical wear and oil pollution. Magnetic couplings are classified as electromagnetic slip coupling (EMSC) [10] , [11] and permanent magnetic coupling [12] , [13] according to different ways of excitation. In terms of variable speed transmission, EMSC varies speed of mechanical load by controlling excitation current, while permanent magnetic coupling adjusts speed of mechanical load by varying length or area of the air gap via a mechanism [14] which is more complicated.
EMSC transmits power through the interaction between excitation field generated by excitation current and induction field generated by eddy current [15] . Due to the eddy current, the slip energy, that is energy difference between the input and output of EMSC, dissipates as heat, which results in low efficiency especially under largeslip conditions [16] . To improve transmission efficiency of EMSC the slip energy should be recycled. One of feasible approaches is to conduct eddy current out of the armature by three-phase windings. The induced current in three-phase windings should be converted to direct current (DC) before slip energy recovery. Conventional rectifiers that convert alternating current into direct current are diode rectifier and silicon controlled rectifier, respectively constituted of diodes and thyristors [17] , [18] . For silicon controlled rectifier, phase of the input current lags behind phase of the input voltage and the phase hysteresis increases with the trigger angle of thyristor. So power factor of silicon controlled rectifier is relatively low, which indicates low efficiency [19] . For diode rectifier, although the phase hysteresis between input voltage and input current is nearly zero, input current contains large numbers of high-frequency harmonic components which also result in low power factor [20] . PWM rectifier, whose input current is sinusoidal and in-phase with the input voltage, can realize unity power factor [21] - [23] .
Field-oriented control has been widely applied in threephase motors [24] - [27] . Based on field-oriented control theory [28] , direct-axis component of the induced three-phase current tracks the target value of zero to realize synchronization between input current and input voltage of the PWM rectifier. For modulation of the PWM rectifier, space vector pulse width modulation (SVPWM) is superior to sinusoidal pulse width modulation (SPWM) in some aspects, such as high voltage utilization ratio, low switching frequency and easy implementation [29] , [30] , so SVPWM technique is applied to ensure that input current of the PWM rectifier is sinusoidal, thus improve dynamical performance. After rectification, the slip energy in the form of direct current is recycled by the super capacitor that is widely used in energy storage system [31] - [33] because of its high power density and longer cycle lifetime [34] .
II. CONFIGURATION OF ENERGY-REGENERATIVE EMSC
The energy-regenerative EMSC is a dual mechanical ports machine, which consists of outer rotor, inner rotor, and energy-regenerative apparatus, as shown in FIGURE 1. Outer rotor and inner rotor are embedded with three-phase windings and field winding respectively. Outer rotor connects to prime mover by the input shaft, and inner rotor connects to mechanical load by the output shaft. The energy-regenerative apparatus including PWM rectifier, super capacitor and controller recycles slip energy in three-phase windings. The controller regulates current of the field winding and modulates PWM rectifier. When the outer rotor is driven by the prime mover, the three-phase windings induce three-phase alternating current under the excitation of magnetic field generated by field winding. Due to the interaction between induction field and excitation field, the inner rotor rotates along with outer rotor in asynchronous speed. The PWM rectifier converts induced alternating current into direct current to charge the super capacitor for slip energy recovery.
III. MATHEMATICAL MODEL A. MODEL OF EMSC
The developed EMSC prototype includes thirty-six slots and three pairs of magnetic poles. Due to time-variant self-inductance and mutual inductance of three-phase windings and field winding under fixed coordinate system (a-b-c coordinate) [35] , mathematical model of the EMSC is constructed under synchronously rotating coordinate system (d-q coordinate). Taking no account of flux saturation, harmonic wave and armature reaction, flux linkage equations, terminal voltage equations, electromagnetic torque equation and kinematic equations are established, shown as follows.
Where, ψ d is direct-axis component of flux linkage of three-phase windings, ψ q is quadrature-axis component of flux linkage of three-phase windings, L d is direct-axis component of self-inductance of three-phase windings, L q is quadrature-axis component of self-inductance of three-phase windings, L f is self-inductance of field winding, M sf is mutual inductance between three-phase windings and field winding, i d is direct-axis component of current in three-phase windings, i q is quadrature-axis component of current in three-phase windings, u d is direct-axis component of terminal voltage of three-phase windings, u q is quadrature-axis component of terminal voltage of three-phase windings, i f is excitation current of field winding, u f is terminal voltage of field winding, R s is resistance of each phase winding in outer rotor, R f is resistance of field winding in inner rotor, ω is electrical angular velocity difference between outer rotor and inner rotor, n p is pole pairs of inner rotor, T i is drive torque on outer rotor, T e is electromagnetic torque, T L is load torque on inner rotor, J 1 is rotational inertia of outer rotor, J 2 is rotational inertia of inner rotor, B 1 is viscous damping coefficient of outer rotor, B 2 is viscous damping coefficient of inner rotor, 1 is mechanical angular velocity of outer rotor, 2 is mechanical angular velocity of inner rotor. 
FIGURE 2. Dynamic characteristic.
The simulation model of EMSC in Matlab/Simulink is built, and its parameters are shown in TABLE 1. The dynamic characteristic, mechanical characteristic, output speed versus input speed characteristic, and output speed versus excitation current characteristic are simulated. The simulation results are shown in FIGURE 2 to FIGURE 5. In FIGURE 2, as the rotational speed difference increases, the electromagnetic torque first increases linearly and then decreases dramatically, which demonstrates that mechanical characteristic of the uncontrolled EMSC is soft. In FIGURE 3, the mechanical characteristic presents the linearity at the rotational speed range from 0 to 600 r/min, which is consistent with the dynamic characteristic. In FIGURE 4, output speed of the EMSC varies linearly with input speed. In FIGURE 5, output speed of the EMSC varies dramatically with excitation current, which also indicates that mechanical characteristic of the uncontrolled EMSC is flexible. The experiments about mechanical characteristic, output speed versus input speed characteristic and output speed versus excitation current characteristic were carried out to verify mathematical model of the EMSC. The comparisons of simulation and experiment results are implemented as shown in FIGURE 3 to FIGURE 5. It can be seen that simulation results are consistent with the experiment results, which demonstrates that the model of EMSC is correct and precise.
B. MODEL OF PWM RECTIFIER
The PWM rectifier includes three pairs of MOSFETs, filter inductors and super capacitor as shown in FIGURE 6.
Mathematical model of the PWM rectifier is built based on Kirchhoff voltage law and Kirchhoff current law, shown VOLUME 6, 2018 as following equations.
Where, L is inductance of filter inductor, R is equivalent resistance of filter inductor and MOSFETs, S a , S b and S c are switch functions that indicate the states of rectifier bridge arms, i a , i b , i c are input current of rectifier bridge, u a , u b , u c are input voltage of rectifier bridge, u dc is voltage of DC side after rectification, C sc is capacitance of super capacitor, R sc is internal resistance of super capacitor.
Through Clarke-Park transformation, model of PWM rectifier is deduced under d-q coordinate system as shown in expression (6) .
Where, S d is direct-axis component of switch value of rectifier bridge arms, S q is quadrature-axis component of switch value of rectifier bridge arms.
C. INTEGRATED MODEL OF EMSC AND PWM RECTIFIER
From the structure of the energy-regenerative EMSC, it can be seen that three-phase windings in outer rotor connect with PWM rectifier, thus current in three-phase windings is also the input current of PWM rectifier.
By combining expression (1), (2) and (6), integrated model of EMSC and PWM rectifier is deduced as follows.
IV. CONTROL STRATEGY
The control aim is to recycle slip energy efficiently and improve dynamical performance of the EMSC. From the kinematic equations of the EMSC, it can be seen that dynamical performance of the EMSC is influenced by electromagnetic torque which depends on induced current in three-phase windings and excitation current in field winding. According to mathematical model of the PWM rectifier, current in threephase windings is related to the modulation of the PWM rectifier. So output speed of EMSC can be regulated by excitation current in field winding and PWM rectifier modulation. Based on above analysis, efficient slip energy recovery of EMSC can be realized by PWM rectifier modulation. The principles of modulation are that input voltage and input current of PWM rectifier is in-phase and input current is sinusoidal to eliminate high-frequency harmonic components.
To realize the phase synchronization between input current and input voltage of PWM rectifier, direct-axis component of current in three-phase windings should be adjusted to zero. Mathematical model of the PWM rectifier is simplified as follows.
Where u d is direct-axis component of input voltage of rectifier bridge, u q is quadrature-axis component of input voltage of rectifier bridge.
From above expressions, it can be seen that direct-axis component and quadrature-axis component of current in three-phase windings are coupled. To achieve current decoupling, feed forward control approach is proposed as follows.
Where, u (8) and (9), the analytical equation is deduced as follows.
Where, i * d is set as zero to realize phase synchronization of current and voltage in three-phase windings. i * q is presented in the following expression to ensure that voltage of DC side after rectification is steady.
Where, K P3 is the proportional coefficient of the PI controller to control u dc , K I3 is the integral coefficient of the PI controller to control u dc .
In this case, kinematic equation of the EMSC is transformed into following equation.
It can be seen that output speed of EMSC is closely relative to quadrature-axis component of current in three-phase windings and excitation current in field winding from above expression. Quadrature-axis component of current can be resolved by expression (10) and (11) . Excitation current is expressed by following equation to ensure that output speed of EMSC tracks the desired value in the case of load disturbance.
Where, * 2 is desired mechanical angular velocity of inner rotor, K P is the proportional coefficient of the PID controller to control 2 , K I is the integral coefficient of the PID controller to control 2 , K D is the differential coefficient of the PID controller to control 2 .
Through above analysis and synthesis, control sketch of energy-regenerative EMSC is presented in FIGURE 7 .
Based on the principle of super capacitor, recycled energy in super capacitor is expressed as following expression.
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Where, E is recycled energy in super capacitor, u sc is terminal voltage of super capacitor, u sc0 is initial terminal voltage of super capacitor.
V. SIMULATION ANALYSIS
To investigate dynamic performance and energy recovery performance of the energy-regenerative EMSC, simulations are carried out. Simulation parameters are shown in TABLE. 2. The simulation conditions are that input speed of EMSC is 1200 r/min, desired output speed is set as 600 r/min, and load torque on output shaft is 10 N·m. Simulation results are presented in FIGURE 8 to FIGURE 12. In FIGURE 8, output speed of the EMSC is quickly convergent to the desired value of 600 r/min after a slight overshoot. From FIGURE 9, it can be seen that voltage of DC side of PWM rectifier reaches steady state in a very short time. Simulation results of output speed and DC side voltage both demonstrate excellent dynamic performance of energy-regenerative EMSC. In FIGURE 10, voltage and current of AC side of PWM rectifier are almost in same phase, which indicates approximate unity power factor of the energy-regenerative apparatus. Simulation of net recycled energy that is the difference between recycled energy in super capacitor and excitation energy is implemented. The result as shown in FIGURE 11 indicates that recycled energy is less than excitation energy at the beginning, and then it increases fast as time goes on. The effect of initial terminal voltage of the super capacitor on net recycled energy is also investigated. The simulation result is presented in FIGURE 12. It shows that net recycled energy increases observably with initial terminal voltage of super capacitor, which demonstrates that the energy-regenerative apparatus can substantially recycle slip energy of EMSC.
During the simulation, load torque of the EMSC is stepped from 10 N·m to 15 N·m to validate anti-disturbance performance of the proposed control strategy. The simulation result in FIGURE 13 shows that output speed of EMSC decreases by 80 r/min at the time of 0.5 seconds and then returns to 600 r/min in a short time.
VI. EXPERIMENT VERIFICATION
The test bench and test system of energy-regenerative EMSC are developed to verify the proposed control strategy by experiment. The test bench consists of variable frequency motor, torque-speed sensors, EMSC, magnetic powder dynamometer and control cabinet as shown in FIGURE 14. Test system consists of controller, PWM rectifier, super capacitor, current sensor, acquisition instrument and oscilloscope as shown in FIGURE 15 . The test conditions are that output speed of variable frequency motor is set as 1200 r/min, load torque of the EMSC is set as 10 N·m, desired output speed of the EMSC is set as 600 r/min. In the experiment voltage and current of three-phase windings, field winding and super capacitor are collected by the oscilloscope; output speed of EMSC is acquired by the acquisition instrument. Test results are presented in FIGURE 16, FIGURE 17 and TABLE. 3. It can be seen from FIGURE 16 that input voltage and input current of PWM rectifier are almost in-phase, and input current contains few of high-frequency harmonic components, which demonstrates that the control strategy functions effectively and efficiently. In FIGURE 17, DC side voltage of PWM rectifier reaches the steady value of 38.5 V at the time of 0.6 seconds, which is consistent with the one in the simulation. The stabilization time of DC side voltage in the experiment is a bit longer than the one in the simulation since factors such as hysteresis and friction are not Based on input power and output power, slip power of EMSC can be calculated by following equation.
Net recycled power in the super capacitor is expressed as following.
So energy-saving rate of EMSC can be obtained by following expression.
FIGURE 18. Output speed of EMSC under load disturbance condition by experiment.
Just like the simulation, load torque of EMSC is stepped from 10 N·m to 15 N·m in the experiment. Test result in FIGURE 18 shows that output speed of EMSC decends to 450 r/min at the time of one second, then it increases rapidly and returns to the initial value after a fluctuation about 100 r/min in a short time, which demonstrates the robust anti-disturbance capability of the energy-regenerative EMSC with the field-oriented control strategy.
VII. CONCLUSIONS
The novel energy-regenerative EMSC was developed for slip energy recovery. In this paper, the configuration of the EMSC was constructed; the mathematical models were built; the field-oriented control strategy was designed; simulations and experiments were carried out for the validation. Based on the investigated results, the following conclusions can be drawn.
(1) The mathematical model of the EMSC under synchronously rotating coordinate system was obtained and the integrated model of EMSC and PWM rectifier was initiatively deduced. The consistency of simulation and experiment results indicates that mathematical model of the EMSC has high accuracy.
(2) From the mathematical model of PWM rectifier, it can be seen that direct-axis component and quadrature-axis component of current in three-phase windings are coupled. To achieve the current decoupling, feed forward control approach was proposed.
(3) The simulation and experiment results both demonstrated excellent dynamical performance and robust anti-disturbance capability of the energy-regenerative EMSC with field-oriented control strategy.
(4) Based on the proposed control strategy, unity power factor of the energy recovery apparatus was realized. Test results showed that energy recovery efficiency of the energy-regenerative EMSC reached 82.5%, which demonstrated that transmission efficiency of EMSC was highly improved. 
